Abstract. This paper presents a comparison and an evaluation of five soil moisture products based on satellite-based passive and active microwave measurements. Products are evaluated for
Quantitative soil moisture assessment is crucial for land surface modelling and understanding as well as for numerical weather prediction purpose. However, due to its high temporal and spatial variabil-20 ity, it is difficult to provide accurate quantitative information on soil moisture at regional and global scales. Several coordinated land surface modelling activities have provided insight into quantitative soil moisture characterisation at regional and global scale (Dirmeyer et al., 2006; Boone et al., 2009 ). Satellite remote sensing approaches also open the possibility to provide spatially integrated information on soil moisture over large areas. Microwave remote sensing at low frequencies is the 25 most efficient approach to characterise soil moisture from space, with low atmospheric contribution (Njoku and Entekhabi, 1996; Jones et al., 2004; Wagner et al., 2007; Kerr, 2007) .
Various active and passive microwave sensors have been measuring Earth emissions and reflection for several years. The Advanced Microwave Scanning Radiometer on Earth Observing System (AMSR-E) on the AQUA satellite is a passive microwave sensor. It has been providing brightness 30 temperature at five frequencies from 6.9 to 89 GHz since 2002. AMSR-E C-band (6.9 GHz) and X-band (10.7 GHz) channels are suitable for soil moisture remote sensing (Njoku et al., 2003) .
On the Tropical Rainfall Measuring Mission (TRMM) satellite, the TRMM Microwave Imager (TMI) has been measuring microwave emission at five frequencies from 10.7 GHz to 85.5 GHz since 1997. The wind scatterometer on the European Remote Sensing (ERS) satellites have been surements use an L-band interferometer which has been shown to be optimal to capture soil moisture information from space (Kerr et al., 2001 ). From 2014 it should be followed by the Soil Moisture vestigated soil moisture products evaluation (Dirmeyer et al., 2004; Pellarin et al., 2006; Wagner et al., 2007; Draper et al., 2009; Rüdiger et al., 2009 ). Draper et al. (2009) This high temporal correlation between soil moisture and vegetation dynamics is however crucial for soil moisture retrieval accuracy and it might impact differently passive and active microwaves 65 performances. Good knowledge of soil moisture product accuracy is particularly relevant to address over Sahel, which is a big area in terms of the strenght of the coupling between soil moisture and atmosphere.
In this paper five soil moisture products, obtained from current active and passive microwave sensors, are inter-compared and evaluated over the Gourma region in Mali for [2005] [2006] . The study is 70 based on ground measurements acquired in the framework of the AMMA (African Monsoon Multidisciplinary Analysis) program (Redelsperger et al., 2006; de Rosnay et al., 2009b) , within the AMMA-CATCH observatory ,AMMA-CATCH website link: http://ltheln21.hmg.inpg.fr/catch/?&lang=en). This region is particularly relevant for satellite products validation. Since it is composed of uniform pattern of soil and vegetation, and its relatively 75 limited vegetation cover is suitable for soil moisture remote sensing activities ).
Two satellite products are derived from the AMSR-E measurements. They are provided by the National Snow and Ice Data Center (NSIDC) (Njoku, 2004) and by the VU University Amsterdam (VUA) in collaboration with NASA (Owe. et al., 2008) . The last-ones also provide a product based on TRMM/TMI X-band data set. Two products are derived from the ERS scatterometer by Zribi and 80 Decharme (2009) and by the Vienna University of Technology (Wagner et al., 2003) .
The next section provides a short description of the test sites and ground measurements and presents the satellite data, followed by treatments applied and methodologies used. In section 3, product intercomparison presents the importance of retrieval approaches, and soil moisture maps from the five products show the difference of sensitivity between passive and active microwave sensors. ison to ground measurements with statistical evaluation of product quality are provided. Section 4 concludes.
Data and methods

Study region and ground data
The AMMA international research program aims at providing a better understanding of West African 90 monsoon and its physical processes. Three representative meso-scale sites have been instrumented along a North-South climatic gradient in West Africa (Redelsperger et al., 2006) . They are located in Mali (North and Central Sahel), in Niger (South-Sahel) and in Benin (Soudanian site).
This study focuses on the Mali meso-scale site which is located in the Gourma region (Figure 1(a) ).
The site spans 3 degrees in latitude from 14.5
• N to 17.5
• N and covers 1 degree in longitude from
It is characterised by Sahelian meteorological conditions with a short rainy season from end of June to September, followed by a long dry season from October until June. Mean annual rainfall is 370 mm per year, modulated by a strong inter-annual variability of the West African Monsoon (Frappart et al., 2009) . of soil and vegetation properties ). As pointed out by , the relative homogeneity of the Gourma meso-scale site is particularly suitable for remote sensing evaluation of land surface products. Several studies investigated the validation and evaluation of satellite products, including soil moisture, vegetation parameters, and albedo (Baup et al., 2007; Zribi and Decharme, 2009; Gruhier et al., 2008; Samain et al., 2008; de Rosnay et al., 110 2009a).
The soil moisture network is described in detail in de Rosnay et al. (2009b 
Satellite data
Five soil moisture products are evaluated in this study. Three products are derived from the AMSR-E and the TMI passive microwave sensors. Two products are derived from the ERS scatterometer 135 sensor. The following next three subsections and Table 2 show basic information about these sensors and products.
According to the different satellite orbits and to the different inversion methods, data set sizes and amount of soil moisture values vary with products ( Figure 2 twice more data than VUA products (AMSR-E/VUA and TMI/VUA) for which night pass are used and a filtering approach also reduces the data set in case of noise or extreme values.
A main issue in using passive microwaves is that the effects of soil moisture and vegetation water content on microwave emission are contrasting: a decrease in vegetation water content and an increase of soil moisture have the same effect on the signal, and conversely. Another issue concerns the 150 strong temperature effects on day-time measurements (ascending orbit). A strong gradient in the top soil layers makes it difficult for soil moisture inversion in these conditions. To alleviate this problem only descending passes (i.e. night-time) are used in this study. Because of the lack of equivalent product in term of availability of data, only the night pass of the AMSR-E/NSIDC is used in this study (AMSR-E/NSIDC-used in the Figure 2 ).
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Satellite products used in this study are acquired at different time of the day (Table 2) . So in order to inter-compare these products to each other a daily time scale is considered in this study. Accordingly, ground reference is used as daily mean soil moisture. Further investigations to study the diurnal variations of soil moisture in the different seasons and relate it to the time of acquisition of each sensor is an important topic which is kept for a future study.
AQUA AMSR-E satellite, sensor and products
The passive microwave AMSR-E instrument was launched on the AQUA satellite in May 2002.
AQUA crosses over the equator at a local solar time of 1:30 pm/am for ascending/descending orbit on a polar sun-synchronous orbit (14 orbits/day). AMSR-E records brightness temperature at fre-165 quencies of 6.9, 10.7, 18.7, 23.8, 36.5 and 89 GHz, at horizontal (H) and vertical (V) polarisations.
The mean spatial resolution at 6.9 GHz is about 56 kilometres with a swath width of 1445 km.
AMSR-E/NSIDC products Level3 B02 are used in this study. They are provided at a 25 km regular grid and soil moisture is obtained from an iterative inversion algorithm using 10.7 GHz and 18.7
GHz data (Njoku et al., 2003) . Initially, this algorithm was developed for 6.9 GHz and 10.7 GHz 170 frequencies. Due to RFI (Radio Frequency Interferences) affecting C-band data over large regions, the 10.7 GHz and 18.7 GHz data were used instead. Land surface parameters like soil moisture, vegetation water content, and surface temperature are also provided as AMSR-E products.
An independent product (AMSR-E/VUA) is evaluated in this paper. It has been developed by the VU University Amsterdam in collaboration with NASA (Owe. et al., 2008) . It is obtained by ap-
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plying the three parameter Land Parameter Retrieval Model (LPRM, v03d) to the dual polarized 6.9
GHz channels to retrieve soil moisture and vegetation water content simultaneously without using any additional information on vegetation cover. In order to ensure a good accuracy of the products, only data of descending orbits, for which temperature gradient in the emitting layer are low, are used in this algorithm. 
ERS-Scatterometer satellite, sensor and products
ERS-1 was launched in July 1991 and ERS-2 April 1995, both with a scatterometer on board. The first objective of this sensor is to measure wind over oceans, but its measurements have been shown to be highly suitable for soil moisture remote sensing (Magagi and Kerr, 1997; Wagner et al., 1999) .
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ERS-2 is on a sun-synchronous polar orbit, completing in 100 minutes (14 orbits/day), with equator crossing times at 10:30/22:30 (descending/ascending). The scatterometer records the backscattering coefficient at 5.3 GHz at VV polarisation at spatial resolution of 47 kilometres for two angles.
The ERS/TUW product consists of soil moisture indexes provided at a 12.5 km spatial sampling by interpolation. The retrieval algorithm computes soil wetness indexes using wet and dry difference According to observed soil moisture at the Agoufou station, saturated and residual soil moisture are set to 23% m 3 /m 3 and 0% m 3 /m 3 , respectively. These volumetric soil moisture values were only determined from sandy soils, which is the main soil type.
A further ERS soil moisture product considered in the present paper is provided by Zribi and Decharme (2009) from 50 km at 10.7 GHz to 6 km at 85.5 GHz.
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The volumetric soil moisture product provided by the TMI/VUA is retrieved from the 10.7 GHz measurements, with the same retrieval model as the AMSR-E/VUA product (LPRM v03, Owe. et al. (2008) ). Only the night data are used for this study (between 7PM and 8AM), and these are provided on a 0.25 degree regular grid.
Methods
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In order to validate the satellite products, ground measurements of soil moisture are spatially upscaled as indicated in section 2.1. Satellite products used in this study are acquired at different time of the day (Table 2) . So in order to inter-compare these products to each other a daily time scale is considered in this study. Accordingly, ground reference is used as daily mean soil moisture. Further investigations to study the diurnal variations of soil moisture in the different seasons and relate it to 225 the time of acquisition of each sensor is an important topic which is kept for a future study.
For the purpose of satellite products intercomparison, all products are resampled to a reference grid with the nearest neighbour method. This ensures keeping the intercomparison as fair as possible without performing any interpolation on the products that would influence the results. The grid of the ERS/TUW soil moisture product is used here as reference because it has the finest resolution (Table 2) . Statistics are computed for each pair of products when a minimum of 33 pixels are available for the two considered products at the same date. This threshold ensures having enough data for the comparison and it enables to compute statistics between the products.
Mean Relative Difference (MRD) is traditionally used to determine the most representative station inside a soil moisture network (Vachaud et al., 1985) . In this study, MRD is used to compare soil 235 moisture values of each product to the mean value obtained from the five products. For each SM product i, M RD i is computed as:
where S i,j is the soil moisture value of the considered product i at Day Of the time Series (DOS) j, S j is soil moisture value averaged over all products at DOS j, and m is the amount of DOS for In addition to MRD, usual statistical coefficients are used in this study. Root Mean Squared Error (RMSE) is used to define the difference in volumetric soil moisture between satellite and ground measurements. Correlation coefficient, R, quantifies their temporal dynamics consistency.
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Evaluation of remote sensing products against ground measurements is very difficult and it needs to be taken with great care. Ground stations provide extremely local estimates of soil moisture while satellite measurements, as well as land surface modelling approaches, give spatially integrated estimates of surface soil moisture. Surface soil moisture scaling properties mainly result from ground heterogeneities (land cover, soil properties, topography) and precipitation heterogeneities. 
where S jn is is the soil moisture value of the considered DOS j, S is soil moisture value averaged over all DOS, and σ is the standard deviation of series S. Figure 3 shows that standard deviation of ground soil moisture time series lies in the range of 2.9% to 3.8% for the three stations. For the AMSR-E/NSIDC product, standard deviation varies in the range of 1.5% to 1.9% over the three pixels and its value is 1.8% at meso-scale.
Comparison with ground stations at the pixel scale clearly shows that AMSR-E/NSIDC underesti- At the meso-scale, the ERS/TUW product shows a maximal value of 36.6% m 3 /m 3 which is incompatible with the saturation value used to convert soil moisture index values to volumetric values.
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This can be explained by some index values higher than 100 in this product. Indeed, the maximal A comparison between the AMSR-E/VUA and TMI/VUA products is shown in Figure 5 (c). These 330 products are obtained from different sensors but they are based on the same inversion algorithm.
They are in very good agreement with a correlation ratio of 0.82 and a RMSE of 3.21% m 3 /m 3 .
This result clearly shows that the retrieval approach and the sensor characteristics are both of high importance for the final soil moisture product characteristics. Using a remote sensing frequency sensitive to soil moisture is necessary but not sufficient to access accurately soil moisture information.
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The retrieval algorithm also plays a crucial role in the accuracy of the retrieved soil moisture, as
shown by the comparison between AMSR-E/NSIDC, AMSR-E/VUA and TMI/VUA.
3.2 Meso-scale surface soil moisture characteristics 3.2.1 Soil moisture maps Figure 6 shows soil moisture maps from the five satellite products over the meso-scale site. Fourteen 340 days are selected because of their representativeness of all cases encountered during the two years considered in this study. Soil moisture maps available from the five products over the two years was studied. Specifics cases were identified, similar maps as well as cases of maps providing different results. For six of these days, at least one product is characterised by missing data for the entire meso-scale window. ERS/CETP and ERS/TUW products, both based on scatterometer data, are par-345 ticularly affected by missing data (Figure 2 ), due to the fact that they are obtained from regression approaches using masking criteria for extreme soil moisture values. For ERS/TUW product, extrem wet or dry soil conditions are not provided (e.g. DOS 229 and DOS 372, Figure 6 ). This missing values can be explained by the beyond the limit soil moisture thresholds defined from past measurements. Missing values are also due to operations conflicts with other sensors. Figure 7 and summarised in Table   3 for different periods. In general a high correlation between the pairs of products is obtained during the monsoon season compared to the dry season. This is explained by the higher soil moisture gradient due to rain events during the wet saison. While during the dry season, the correlation ratio is more sensible to the low inadequancy between soil moisture maps. However, this is less marked 380 when the ERS/CETP soil moisture product is in the pair. The high consistence between these soil moisture maps during all the period is due to the over-estimation in the north part by both products.
Correlation between AMSR-E/NSIDC and AMSR-E/VUA presents the highest seasonal sensitivity, with variations between 0.96 during rainy seasons down to -0.75 during the 2005-2006 dry seasons (Figure 7 ). This is confirmed by mean seasonal values (Table 3) soil moisture products and ground stations. Table 4 gives statistics (correlation, RMSE, bias) of this evaluation at several temporal scales, averaged on the three ground stations. riod. The large differences of performances between the products result from differences between measurements approaches and frequencies, as well as differences in inversion algorithm methods, as described in section 2.2. Figure 10 shows that most soil moisture products are affected by relatively large noise during dry periods, while ground data indicate steady soil moisture values close to 0% m 3 /m 3 . However, soil 445 moisture remote sensing is of highest interest during the monsoon seasons during which atmospheric feedbacks are very strong. Most products perform satisfactorily during the monsoon seasons with correlation ranging from 0.31 for ERS/TUW to 0.6 for AMSR-E/VUA.
Conclusions
This paper provides an inter-comparison and evaluation of five products derived from three different 450 satellite sensors (active and passive microwaves): four surface soil moisture and one soil moisture index which is converted to volumetric values to be comparable to the other products. The study has been performed over a Sahelian area located in the Gourma-Mali region during two consecutive years (2005) (2006) . Products are inter-compared and evaluated using local ground station measurements from three different ground sites.
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A comparison of the products by pairs was performed according to similarities in terms of sensor or retrieval approaches. The resulting products derived from AMSR-E data but different retrieval approaches (AMSR-E/NSIDC and AMSR-E/VUA), are shown to be very different in terms of soil moisture distribution. In contrast, ERS products from TUW and CETP, both obtained from ERS This first large scale inter-comparison of active and passive microwave soil moisture products over Sahel shows that both active and passive low frequency remote sensing approaches are sensitive to surface soil moisture variations. The soil moisture product (ERS/CETP) and the soil moisture index
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(ERS/TUW) based applied on both ERS-1 and ERS-2 data enables to have a long and continuous time record (since 1992). However, best performances over the study area were clearly obtained using the VU University Amsterdam product, which is based on AMSR-E C-band passive microwave measurements. This study also demonstrates that, all things considered, the retrieval accuracy is as much linked to the sensor (within a category) than to the algorithm used. In passive microwaves the
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VUA algorithm applied to AMSR-E (C band) and TMI (X band) behaves similarly but very differently than that of NSIDC applied to AMSR -E (X band).
These results will be used in the framework of the validation of the SMOS L-band instrument which will provide soil moisture values from January 2010. Knowledge of accuracy of current soil moisture products is a highly valuable information used as a reference to compare with SMOS soil moisture 
